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2. ABSTRACT

Plant growth in a controlled ecological life support system may entail the

build-up over extended time periods of phytotoxic concentrations of

volatile organic compounds produced by the plants themselves. Ethylene

is a prominent gaseous emission of plants, and is the focus of this report.

The objective was to determine the rate of ethylene release by spring

whea_, white potato, and lettuce during early, middle, and late growth

stages, and during both the light and dark segments of the diurnal cycle.

Plants gro_ hydroponically using the nutrient film technique were covered

with plexiglass containers for 4 to 6 h. At intervals after enclosure,

gas samples were withdrawn with a syringe and analyzed for ethylene with

a gas chromatograph. Lettuce produced I0 to I00 times more ethylene than

whea_ o!IPOtato, with production rates ranging from 141 tOl5181ng g-dry
wt. h . Wheat produced from 1.7 to 14.3 ng g-dry wt. h -, with

senescent wheat producing the least amount and flowering wheat the most.

Potatoes produced _e least amount of ethylene, with values never exceeding
5 ng g-dry wt. - h -. Lettuce and potatoes each produced ethylene at

similar rates whether in the dark period or the light period. Ethylene

sequestering of 33% to 43% hy the plexiglass enclosures indicated that

these production estimates may be low by one-third to one-half. These

results suggest that concern for ethylene build-up in a contained

atmosphere should be greatest when growing lettuce, and less when growing

wheat or potato.



3. INTRODUCTION

Life support in the space environment places, among other problems, three

related demands on a contained system; breathable sir, drinkable water, and

palatable food. All three requirements are linked to the life cycle of

higher plants, which thus have become leading candidates to play major roles
in a controlled ecological life support system, or CELSS (I,2).

Growing plants in contained systems is a relatively young science. Among

the host of potential problems in a tightly closed system is the buildup of

toxic compounds in the contained atmosphere. These compounds may come from

a variety of sources, both animate and inanimate. Plants produce a wide

array of organic compounds, and many if not all of these can eventually

reach either the liquid or gaseous environment surrounding the plant. The

primary concern of this project is the emission of gaseous compounds from

plants.

3.1 PLANT GASEOUS EMISSIONS. Plants havL been found to release measurable

amounts of a variety of organic compounds, though often the amounts released

are very small unless the plant is under some stress (3,4). Cuttings from

red pine and paper birch seedlings produced acetaldehyde, ethanol, ethylene,

and ethane after exposure to sulfur dioxide (4). Nance and Cunningham (5)

found that excised wheat roots released acetaldehyde under both aerobic and

anaerobic conditions, and Woodstock and Taylorson (6) noted that soybean

seeds released ethanol and acetaldehyde when oxygen levels were reduced.

Plants can also produce and release to the atmosphere an array of terpenes

(7-10). Russian scientists found that excised leaf and root sections from

radish, beets, tomatoes, potatoes, and carrots produced a variety of gases,

including acetaldehyde, propionic aldehyde, acetone, ethanol, methanol, and

propanol during enclosure for 24 h in an illuminated I00 ml glass container
(II).

3.2 ETHYLENE AND PLANTS. Ethylene is a prominent gaseous emission of

plants, and due to its effects on plant growth and development, it's

considered a plant hormone (12,13). As a hormone it's unique in that it is

a gas, and it can influence the same cells that produce it (12). Under

normal conditions, gaseous ethylene is quickly dispersed and diluted in the

atmosphere, requiring no special mechanism on the part of the plant to

dispose of it after it has served its growth regulating function. However,
in a closed system, ethylene concentrations can increase and induce a

variety of plant responses. Due to its importance as a plant growth

substance, its ubiquitous production by higher plants, and the ease of

measurement, ethylene emissions were the focus of this project.

3.2.1 Effects of Ethylene on Plant Growth and Development. Practically

every aspect of plant growth and development can be influenced by ethylene

(12). The effects of ethylene may vary depending on the species, its

developmental stage, and the ethylene com:entration. Ethylene can promote

seed germination, increase sprouting, inhibit cell elongation, cause
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horizontal growth and swelling, prevent leaf expansion, reduce root

elongation, stimulate root hair formation and root coiling, and increase or

decrease flowering (12). Morison and Gifford (14) found that exposure to

ethylene concentrations as low as 60 ppb for 36 days decreased leaf area and

total dry weight of tomato and rice, and decreased height of rice.

One intriguing aspect of ethylene's effects on plants is its ability to

induce subsequent ethylene production (15). Investigators found that a

pulse of exogenously applied ethylene stimulated an increased endogenous

ethylene production that influenced subsequent plant growth and development

in orchids, carnations and sweet potato (16-18).

Ethylene is also released in response to stress imposed on a plant (3).

So-called "stress ethylene" may be an adaptive plant response to a change in

its environment, as the ethylene thus produced can stimulate accelerated

senescence, abscission, wound healing, and increased disease resistance

(13).

Ethylene may be essential for normal plant development. A tomato mutant

presumably lacking the ability to produce any ethylene, grows abnormally

unless ethylene, in concentrations as low as 5 ppb, is added to its

environment (]9).

3.2.2 Production Rates. Vegetative.tissues can produce ethylene at rates

from 0._.-_ n_fresh__ei_t -I h-J, while fruits may produce from
O.0] to 19 ng g-fresh weight h (12,20). The rate of ethylene production

varies with the species and the stage of plant development ([2). Although

there are many reports of ethylene production rates for different plant

tissues, few studies have examined the basal ethylene emission rate for

intact plants (21). Dhawan et al. (22) reported that several different

intact _unf%ower shoots produced from 6 to 60 ng ethylene g-dry
weight-- h--.

3.2.3 Environmental Influences on Production Rates. As stated earlier, a

variety of stresses will cause enhanced ethylene release by plants, and the

relationship between some of these stresses and the ethylene response is

often more reliable an indicator of plant stress than visible symptoms (3).

But environmental factors need not reach stressful extremes before they can

influence the production of ethylene by plants. Increased carbon dioxide

levels caused a corresponding increase in ethylene emissions by intact

sunflower shoots, and decreased carbon dioxide levels caused decreased

ethylene levels (22). In both cases, the ethylene response was apparent

within 15 min of the change in carbon dioxide concentrations. Horton (23)

also noted that ethylene emission rates fell when carbon dioxide decreased.

Related to the carbon dioxide effect is the generally inhibitory effect of

light on ethylene release (23). Kapuya and Hall (24), however, found

different relationships between light and ethylene release depending on the

species and the photoperiod. Kalanchoe dai_remontana released more ethylene

towards the end of the light period, Vicia faba ethylene release peaked at

the onset of the light period, and ethylene release by Caltha po!ypetala

J
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peaked at the start of the dark period and again shortly after onset of the

light period (24).

Although depressed oxygen levels in air will stimulate ethylene production

in barley and maize, the relationship between oxygen levels and ethylene

release is often confounded with the physical effects of submersion (25).

Ethylene is produced in all parts of a plant, thus when some part of a plant

is submerged, ethylene will not be able to diffuse out of the submerged

tissue as fast as out of tissue in air. The build-up of ethylene

concentrations in submerged tissues will cause subsequent ethylene responses
in those and other tissues (25).

Low temperatures reduced ethylene release by excised snap bean leaf disks

(26). Ethylene release by apple and bean leaves changed by 30% in response

to 5 C changes in air temperature from 2(i)C. As temperature increased,

ethylene production increased, as temperature decreased, ethylene production
decreased (27).

C1inostat experiments, where plants are continuous]y rotated to negate tbe

effects of Earth's gravitational field, caused increased ethylene evolution

and subsequent leaf epinasty (28,29).

3.3 OBJECTIVES. The objectives of this project were to examine the

ethylene emission rates for wheat, potato, and lettuce at early, middle, and

late growth stages, and during both the light and dark periods of the

diurnal cycle.

4. MATERIALS AND METHODS

4.1 GAS MEASUREMENT. Measurement of trace gases was accomplished with gas

chromatography using a Hewlett Packard 5880A Series Gas Chromatograph with a

flame ionization detector (FID). A 25 cm stainless steel column, 2 mm

outside diameter, filled with 80/I00 mesh alumina was used for ethylene

determinations. The oven was held at 30 _, the detector at 125 C±; The

nitrogen carrier gas__lowed at 20 ml min , hydrogen at 30 ml min , and
oxygen at 100 ml min . Ethylene peaks were identified and quantified by

comparison with standard gases at I00.1 and 8.1 ppm (Scott Specialty Gases,

+2%), and dilutions of these standards to 0.10, 0.08, 0.05, and 0.04 ppm.

Samples were taken with a I ml gas-tight syringe.

4.2 PLANT GROWTH. Plants were grown in the Plant Laboratory at the Life

Science Support Facility, Hangar L, Kennedy Space Center (KSC), in a

hydroponic system based on the nutrient film technique (NFT) (30). The

system _onsisted of pie-shaped, 5 cm deep, PVC trays with a surface area of

0.175 m A nu_ient solution was pumped into the wide end of a tray at the
rate of I L min , flowed along the bottom reaching a depth of 0.5 to l.O

cm, and allowed to drain out at the narrow end of the tray.
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The nutrient solution consisted of a half-strength Hoagland's solution

(Table l) maintained at pH 6.0 automatically with a pH controller (Cole

Parmer Model 5997-30) dispensing a 1.25% v/v solution of HNO 3. The 30 L
nutrient solution reservoir was changed weekly.

Trays were placed on a bench or in an Environmental Growth Chamber, Model

MI3, in the Plant Laboratory. All plants were grown under high pressure

sodium lamps with a ]4/10 h__ay/_ight_. cycle. Photosynthetic photon flux 2

density averaged 685 umol m s in the growth chamber, and 230 umol m
s on the bench. Temperatures were maintained at 23 C in the growth

chamber and 27 C on the bench. Relative humidity averaged 61% in the growth

chamber and 49% on the bench.

Lettuce and potatoes in the growth chamber were kept on separate nutrient

delivery systems, two trays per 30 L reservoir. The two trays of wheat and

two trays of potato on the bench all shared a single 30 L reservoir and

nutrient delivery system.

4.2.1 Wheat. Spring wheat seeds, cv. Yecora Rojo, were soaked for 15 min

in deionized, filtered-sterilized water to remove the fungicide. The seeds

were rinsed three times with the sterilized water, then wrapped in sterile

paper towels and placed in a sterile plastic bag. The bagged seeds were

refrigerated at 6 C for 4 days. At planting, approximately 450 seeds were

placed between double strips of polyethylene film suspended at the surface

of the nutrient solution in each of two PVC trays. During germination the

tray was covered with a clear plexiglass hood. Four days after planting the

hood was removed and a grid of plastic-coated wire mesh (6 cm by 5 cm) was

placed 20 cm above the tray to provide support for the wheat stalks as they

elongated. Two trays were placed on the bench and two were placed in the

growth chamber.

4.2.2 Potato. Four potato plantlets, cv. Denali, in continuous in vitro

culture in 15 cm by 2 cm test tubes on a modified MS agar medium with 3%

sucrose (31), were removed 35 days after in vitro propagation and suspended

at the surface of the nutrient solution in two PVC trays, two plantlets per

tray. These two trays were placed on the bench in the Plant Laboratory.

Stainless steel rods were attached to the each tray one month later for

support of the top-heavy shoots. Two trays, each started with three

plantlets each of two cultivars, Denali and Norton, were placed in the

growth chamber.

4.2.3 Lettuce. Lettuce seeds, cv. Waldman's Green, were placed between

double strips of polyethylene film suspended at the surface of the nutrient

solution in two PVC trays placed in the growth chamber.

4 .3 EXPERIMENTAL DESIGN

At early, middle, and late growth stages, plexiglass covers were fitted

around the trays to provide an airtight seal for a period of 4 to 6 h during

either the light or the dark period. Only flourescent lights were on during



the light-period enclosure. All nutrient flow was stopped during enclosure,

and a I cm deep pool of nutrient solution was left at the bottom of each

tray. At intervals during enclosure, I ml gas samples were withdrawn

through a septum port for ethylene analysis.

4.3.1 Wheat. Two trays of four-day old wheat seedlings in the growth
chamber were enclosed (13.94 L volume) from 0900 to 1300 (all times are

EDT). Gas samples were withdrawn 2 and 4 h after enclosure. A partial

harvest was conducted after the 4-day test to calculate dry weight biomass

estimates. Two trays of 43-day old wheat plants, in the process of

flowering and located on the bench in the Plant Laboratory, were enclosed

(65.73 L volume) from 0900 to 1500. Gas samples were withdrawn 4.5, 5, and

6 h after enclosure. A partial harvest was conducted after the 43-day test

to calculate biomass estimates. The same two trays were enclosed (121.63 L

volume) at 76 days, when seed set was complete, from 0900 to 1500. Gas

samples were withdrawn 2, 4, and 6 h after enclosure. All shoots and roots

were harvested after this test, dried at 70 C for 24 h, and weighed.

4.3.2 Potato. Two trays of twenty-day old potatoes in the growth chamber,

containing three plants each of cultivars Denali and Norland on each tray,

were enclosed (65.73 L volume) from 0900 to 1500. Gas samples were

withdrawn 2, 4, and 6 h after enclosure. Shoots and roots were harvested

after the test, dried at 70 C for 48 h, and weighed. Two trays on the bench

in the Plant Laboratory, each holding two 65 day-old 'Denali' potato plants

in the process of flowering, were enclosed (121.63 L volume) from 2200 to

0400. Gas samples were withdrawn 6 h after enclosure. The same two trays

were enclosed (121.63 L volume) at 67 days from 0900 to 1500. Gas samples

were withdrawn 2, 4, and 6 h after enclosure. After the 67-day test, all

shoots and roots were harvested, dried at 70 C for 48 h, and weighed. The

biomass estimates obtained from this harvest were used for both the 65 and

67-day potato tests to calculate ethylene production rates.

4.3.3 Lettuce. Two trays in the growth chamber were enclosed (13.94 L

volume) from 0900 to ]500 at 9 and 15 days after seed placement. Gas

samples were withdrawn 3 and 6 h after enclosure. The same two trays were

enclosed (13.94 L volume) at II days from 2200 to 0400. Gas samples were

withdrawn 6 h after enclosure. A partial harvest was conducted after the

9-day test, and used for calculating the dry weight biomass estimates for

the 9 and l|-day tests. All shoots and roots in each tray were harvested

after the 15-day test, dried at 70 C for 24 h, and weighed.

4.3.4 Blank Tray Tests. Empty PVC trays were closed with the plexiglass

covers and monitored for ethylene production over a 6-h period under

flourescent lights. Sixty ml of 100.1 ppm ethylene was injected into empty

PVC trays with different size plexiglass covers attached (total volumes

13.94 and 65.73 L) in order to determine the amount of ethylene absorbed by

the containers during a 6-h period. These enclosures were also under

flourescent lights. One ml gas samples were withdrawn 15 min, 30 min, and 6

h after ethylene injection. Percent of ethylene remaining in the enclosure
at each time was calculated.



5. RESULTS AND DISCUSSION

5. I ETHYLENE EMISSIONS.

All three species tested produced measurable amounts of ethylene, ranging

fromlove_ 350 ng g-dry wt.-- h-- in seedling lettuce to less than 2 ng g-dry
wt. h in senescing spring wheat (Table 5). Lettuce produced one to two

orders of magnitude more ethylene than either wheat or potato (Table 5).

Potato produced the least ethylene of the three species tested, with the

exception of senescing wheat (Table 5).

5.1.I. Wheat. Spring wheat, cv. Yecora Rojo, produced more ethylene during

early vegetative growth and flowering than during the later stages of

senescence (Table 2). Ethylene production was greatest during the flowering
period, averaging 14 3 ng g-dry wt.- h- in 43-day-old plants. By

com_ris_n, 76-day-old, senescing plants produced only ].7 ng ethylene g-dry
wt. h- .

-I -I
5.].2. White potato. Potato produced an average of 3 ng g-dry wt. h

over the entire 6-h enclosure period (Table 5). Although cultivars Denali

and Norland both contributed to the production estimate for 20-day-old

plants, 'Norland' provided most of the biomass. Thus the observation that

plant age did not make a significant difference in ethylene production by

potatoes is confounded by the cultivar differences at the two ages tested

(Table 3).

5.1.3. Lettuce. Lettuce, cv. Waldman's Green, produced more ethylene at 9

days old than at 15 days o_ (T_ble 4), though at both ages lettuce produced
well over I00 ng g-dry wt. h- . The greater production in the 9-day-old

plants may have been due to the 42% of seedlings in the process of dying,

which plants accounted for 30% of the total dry weight. At 15 days old, the

healthy plants, averaging 34 per tray, were much larger and accounted for

over 90% of the total dry weight.

5.1.4. Light Versus Dark Emissions. Although lettuce averaged more

ethylene production during the dark period than during the light, the degree

of variability associated with both measurements makes it impossible to draw

conclusions (Table 6). Likewise, although potatoes produced slightly less

ethylene during the dark period than during the light, the difference is too

small to draw conclusions.

5.3 PLEXIGLASS, PVC, AND ETHYLENE.

Joined plexiglass covers and PVC trays did not produce measurable amounts of

ethylene, either under flourescent or high pressure sodium lamps during 6-h

tests. A 5 ppb lower limit of detection for ethylene means that less than

87 ng of ethylene was produced in the 13.94 L container and less than 412 ng

was produced in the 65.73 L container.
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The plexiglass/PVC containers did, however, sequester significant amounts of

ethylene during 6-h periods under moderate flourescent lighting (Table 7).

Although 84% of the injected ethylene remained in the contained 13 L

atmosphere [5 min after injection, 6 h after injection only 67% was

recoverable in the gas phase (Table 7). However, in the 65 L enclosure,

ethylene disappearance after 6 h was not significantly greater than after

just 15 min (Table 7). Percent recovery of injected ethylene was less in
the 65 L enclosure than in the ]3 L enclosure (Table 7).

As a result of the significant ethy]ene sequestering by the plexiglass/PVC

enclosures, the ethylene emission rates reported here are probably low. As

much as 37% of the ethylene produced by test plants in the 13 L enclosures,

and up to 43% of that produced in the 65 L enclosures, may have been

absorbed, adsorbed, or otherwise removed from the gas phase prior to

sampling.

6. SUMMARY AND CONCLUSIONS

Hydroponic culture of lettuce in a closed atmosphere may produce significant

amounts of ethylene, greater than that produced by either spring wheat or

white potato. White potato, during vegetative or reproductive growth,

produced less ethylene than either seedling lettuce or seedling or flowering

wheat. Senescing wheat produced the sm_llest amount of ethylene measured.

7. REFERENCES

]. Prince, R.P., W.M. Knott, J.C. Sagar, and S.E. Hilding. 1987. Design

and performance of the KSC Biomas_ _,Production Chamber. Soc. Auto.

Engin. Tech. Paper Set. No. 871437.

2. Tibbits, T.W., and K.K. Alford. 198_i!. Controlled Ecological Life

Support System: Use of Higher Plants. NASA Conf. Publ. 2231. 81 pp.

3. Tingey, D.T. ]980. Stress ethylene production - a measure of plant

response to stress. Hortscience !5:630-633.

4. Kimmerer, T.W., and T.T. Kozlowski. 1982. Ethylene, ethane,

acetaldehyde, and ethanol production by plants under stress. Plant

Physiol. 69:840-847.

5. Nance, J.F., and L.W. Cunningham. ]950. Acetaldehyde accumulation in

excised wheat roots induced by plant growth substances. Science

112: 170- 172.

6. Woodstock, L.W., and R.B. Taylorson. 1981. Ethanol and acetaldehyde in

imbibing soybean seeds in relatioa to deterioration. Plant Physiol.

67:424-428.

7. Lincoln, D.E. 1981. Mechanism of monoterpene volatilization from Salvia

mellifera. Pages 97-I06 in J.J. Bufalini and R.R. Arnts (eds.),

Atmospheric Biogenic Hydrocarbons. Ann Arbor Science, Ann Arbor, MI.

8. Tyson, B.J., W.A. Dement, and H.A. Mooney. ]974. Volatilization of

terpenes from Salvia mellifera. Nature 252:119.

9. Tingey, D.T. 1981. The effect of environmental factors on the emission

of biogenic hydrocarbons from live oak and slash pine. Pages 53-80 in

J.J.

_-_ 9



Bufalini and R.R. Arnts (eds.), Atmospheric Biogenic Hydrocarbons.

Ann Arbor Science, Ann Arbor, MI.

lO. Rasmussen, R.A. 1970. Isoprene: identified as a forest-type emission

to the atmosphere. Environ. Sci. and Tech. 4:667.

II. Dadykin, V.P., L.N. Stepanov, and V.E. Ryzhkova. 1967. Nekotorye

dannye o letuchikh (kislorodsoderzhashehikh) vydelenlyakh ryada

ovoshchnykh rastenii (Some data on volatile, oxygen-containlng

compounds released by vegetables). KOSM Biol. bled. 1:48-52.

12. Abeles. F.B. 1973. Ethy]ene in Plant Biology. Academic Press, NY.

302pp.

13. Beyer, E.M., P.W. Morgan, and S.F. Yang. 1984. Ethylene. Pages

I]3-]26 in M.B. Wilkins (ed.), Advanced Plant Physiology. Pitman,

London.

14. Morison, J.I.L., and R.M. Gifford. 1984. Ethylene contamination of CO2

cylinders: effect on plant growth in CO2 enrichment studies. Plant

Physiol. 75:275-277.

15. Kende, H. 1976. Ethylene-induced ethylene biosynthesis: a model for a

positive feedback mechanism. Nova Acta Leopold Suppl. 7:165-]74,

16. Burg, S.P., and M.J. Dijkman. 1967. Ethylene and auxin participation

in pollen induced fading of Vanda orchid blossoms. Plant Physiol.
42:1648-1650.

17. Nichols, R. 1968. The response of carnations (Dianthus caryophyilus)

to ethylene. J. Hort. Sci. :335-349.

18. Kende, H., and B. Baumgartner. 1974. Regulation of aging in flowers of

Ipomoea tricolor by ethylene. Planta ]16:279-289.

19. Zobel, R.W. 1974. Control of morphogenesis in the ethylene-requiring

tomato mutant diageotropica. Can. J. Bot. 52:735-741.

20. Leopold, A.C. 1972. Ethylene as a plant hormone. Pages 245-262 in H.

Kaldewey and Y. Varder (eds.), Hormonal Regulation in Plant Growth and

Development. Verlag Chemie.

21. Bassi, P.K., and M.S. Spencer. ]979. Cuvette design for measurement of

ethylene production and carbon dioxide exchange by intact shoots under

controlled environmental conditions. Plant Physiol. 64:488-490.

22. Dhawan, K.R., P.K. Bassi, and M.S. Spencer. 1981. Effects of carbon

dioxide on ethylene production and action in intact sunflower plants.

Plant Physiol. 68:831-834.

23. Horton, R.F. 1985. Carbon dioxide flux and ethylene production in

leaves. Pages 37-46 in J.A. Roberts and G.A. Tucker (eds.), Ethylene

and Plant Development. Buttersworth, London.

24. Kapuya, J.A., and M.A. Hall. 1977. Diurnal variations in endogenous

ethylene levels in plants. New Phyto]. 79:233-237.

25. Jackson, M.B. 1985. Ethylene and the responses of plangs to excess

water in their environment - A review. Pages 241-266 in J.A. Roberts

and G.A. Tucker (eds.), Ethylene and Plant Development. Buttersworth,

London.

26. Field, R.J. 1981. The effect of low temperature on ethylene production

by leaf tissue of Phaseolus vulgaris. Ann. Bot. 47:2]5-223.

27. Field, R.J. 1985. The effect of temperature on ethylene production by

plant tissues. Pages 47-70 in J.A. Roberts and G.A. Tucker (eds.),

Ethylene and Plant Development. Buttersworth, London.

iO



28. Leather, C.R., L.E. Forrence, and F.B. Abeles. 1972. Increased

ethylene production during clinostat experiments may cause leaf

epinssty. Plant Physiol. 49:183-186.

29. Palmer, J.H. ]973. Ethylene as a cause of transient petiole _pinasty

in Helianthus annuus during clinos_at experiments. Physiol. Plant

28:188-]93.

30. Cooper. A. 1979. The ABC of NFT: Nutrient Film Technique. Grower

Books, London.

3]. Murashige, T., and F. Skoog. 1962. A revised medium for rapid growth

and bioassays with tobacco tissue cultures. Physiol. Plant. 15:473.

__ 1.1.



TABLE . The concentration of

elements in the nutrient

solution.

ELEMENT CONCENTRATION

N

P

K

Ca

Mg
S

Fe

Mn

Zn

Cu

Mo

B

-]
mill imoles L

7.00

•50

3.00

2.50

I.00

].00

-]
micromoles L

50.00

3.70

.32

.]3

.04

]9.00
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